We present the results from our survey of H I 21-cm absorption, using GMRT, VLA and WSRT, in a sample of 55 z < 0.4 galaxies towards radio sources with impact parameters (b) in the range ∼0−35 kpc. In our primary sample (defined for statistical analyses) of 40 quasargalaxy-pairs (QGPs), probed by 45 sightlines, we have found seven H I 21-cm absorption detections, two of which are reported here for the first time. Combining our primary sample with measurements having similar optical depth sensitivity ( τ dv 0.3 km s −1 ) from the literature, we find a weak anti-correlation (rank correlation coefficient = −0.20 at 2.42σ level) between τ dv and b, consistent with previous literature results. The covering factor of H I 21-cm absorbers (C 21 ) is estimated to be 0.24 show similar declining trend with radial distance along the galaxy's major axis and distances scaled with the effective H I radius. There is also tentative indication that most of the H I 21-cm absorbers could be co-planar with the extended H I discs. No significant dependence of τ dv and C 21 on galaxy luminosity, stellar mass, colour and star formation rate is found, though the H I 21-cm absorbing gas cross-section may be larger for the luminous galaxies. The higher detection rate (by a factor of ∼4) of H I 21-cm absorption in z < 1 DLAs compared to the QGPs indicates towards small covering factor and patchy distribution of cold gas clouds around low-z galaxies.
INTRODUCTION
The H I gas in a galaxy's extended disc plays an indispensable role in the galaxy formation and evolution by acting as the intermediary phase between the accreting ionized gas from the intergalactic medium (IGM) and the molecular gas phase in the stellar disc that gets converted to stars. Being more extended than the stellar disc (typically by more than a factor of 2), the H I disc is also the component that gets affected the most by tidal interactions and merger events (Haynes et al. 1979; Rosenberg & Schneider 2002; Oosterloo et al. 2007; Sancisi et al. 2008; Chung et al. 2009; Mihos et al. 2012) . Therefore, the H I cross-section of galaxies and its evolution with redshift is expected to have an imprint on galaxy formation in the hierarchical structure formation models.
In the local Universe (z 0.2), high spatial resolution H I 21-cm emission studies have been used to map the distribution and ⋆ E-mail: rdutta@iucaa.in kinematics of the atomic gas around galaxies (van der Hulst et al. 2001; Zwaan et al. 2001; Verheijen et al. 2007; de Blok et al. 2008; Walter et al. 2008; Begum et al. 2008; Catinella & Cortese 2015) . However, sensitivities of present day radio telescopes make it difficult to directly map H I 21-cm emission from z 0.2 galaxies. The highest redshift (z = 0.376) H I 21-cm emission detection to date (Fernández et al. 2016 ) has been possible due to very long integration (178 hours) using the Karl G. Jansky Very Large Array (VLA). Alternatively, absorption lines seen in the spectra of background quasars whose sightline happen to pass through the discs or halos of foreground galaxies (we refer to such fortuitous associations as quasar-galaxy-pairs or QGPs from hereon), allow us to probe the physical, chemical and ionization state of gas in different environments such as the stellar discs, extended H I discs, high velocity clouds, outflows, accreting streams and tidal structures. The relationship between absorption strength and impact parameter (b) obtained from a large number of quasar sightlines passing near foreground galaxies can then be used to statistically deter-mine the gas distribution in and around galaxies (as pioneered by Bergeron & Boissé 1991; Steidel 1995 , in case of Mg II systems).
Considerable progress has been made in mapping the distribution of gas in the circumgalactic medium (CGM) , that extends upto ∼100s of kpc, using absorption from Mg II (Chen et al. 2010; Kacprzak et al. 2011; Churchill et al. 2013; Nielsen et al. 2013) as well as Lyman − α (Chen et al. 2001; Prochaska et al. 2011; Tumlinson et al. 2013; Stocke et al. 2013; Borthakur et al. 2015) . On the other hand, the high column density H I gas around galaxies can be traced using Damped Lyman − α absorption-line systems (DLAs) (absorbers with neutral hydrogen column density, log N (H I) 20.3; see for a review Wolfe et al. 2005) . Observations of host galaxies of DLAs have found anti-correlation between N (H I) and b, at z < 1 (Rao et al. 2011 ), at 1 < z < 2 (Péroux et al. 2012; Rahmani et al. 2016) , and at z > 2 ( Krogager et al. 2012) . At z = 0, Zwaan et al. (2005) , using H I 21-cm emission maps of local galaxies, have found that N (H I) decreases with galactocentric radius.
H I 21-cm emission line observations of nearby dwarf and spiral galaxies indicate that the properties of the cold neutral medium (CNM) phase of the H I gas and small-scale structures detected in the H I gas are closely linked with the in-situ star formation in galaxies (e.g. Tamburro et al. 2009; Bagetakos et al. 2011; Ianjamasimanana et al. 2012) . However, identification of CNM gas through H I 21-cm emission is not straightforward as it depends on Gaussian decomposition of the line profiles and associating components exhibiting smaller line widths with the CNM. Moreover, H I 21-cm emission studies usually do not have sufficient spatial resolution to detect parsec-scale structures. On the other hand, H I 21-cm absorption is an excellent tracer of the CNM phase (Kulkarni & Heiles 1988) , and can be used to study parsec-scale structures in the H I gas using sub-arcsecond-scale spectroscopy (e.g. Srianand et al. 2013; Biggs et al. 2016) . The optical depth of the H I 21-cm absorption line depends on N (H I) and inversely on the spin temperature (Ts), which is known to follow the gas kinetic temperature in the CNM (Field 1959; Bahcall & Ekers 1969; McKee & Ostriker 1977; Wolfire et al. 1995; Roy et al. 2006) , and can be coupled to the gas kinetic temperature via the Lyman − α radiation field in the warm neutral medium (WNM) (Liszt 2001 ). This along with its very low transition probability and its resonance frequency falling in the radio wavelengths make the H I 21-cm absorption line a good tracer of high column density cold H I gas without being affected by dust and luminosity biases.
Systematic searches of H I 21-cm absorption in samples of intervening Mg II systems and DLAs towards radio-loud quasars have estimated the CNM filling factor of galaxies as 10−20% (Briggs & Wolfe 1983; Kanekar & Chengalur 2003; Curran et al. 2005; Gupta et al. 2009; Curran et al. 2010; Srianand et al. 2012; Gupta et al. 2012; Kanekar et al. 2014) . However, such studies have led to degenerate interpretations of the evolution of cold atomic gas fraction of galaxies, since there is a degeneracy between Ts and the fraction C f of the background radio source covered by the absorbing gas. Moreover, selection based on optical/ultraviolet (UV) spectra leads to bias against dusty sightlines.
An alternative technique, that connects the H I 21-cm absorption with the galaxy properties, has been to search for H I 21-cm absorption from low-z (z <0.4) QGPs (e.g. Carilli & van Gorkom 1992; Gupta et al. 2010; Borthakur et al. 2011; Borthakur 2016; Zwaan et al. 2015; Reeves et al. 2016) . Such studies have revealed a weak anti-correlation between the H I 21-cm optical depth and impact parameter Zwaan et al. 2015; Curran et al. 2016 ). However, the number of low-z QGPs that have been searched for H I 21-cm absorption, with a good optical depth sensitivity (i.e., 3σ integrated optical depth, for a line width of 10 km s −1 , is 0.3 km s −1 , which is sensitive to detect 100 K gas with N (H I) of 5×10 19 cm −2 ), till date is still small. As N (H I) of few times 10 19 cm −2 is observed in the outer disks of galaxies in H I 21-cm emission maps (e.g. van der Hulst et al. 2001; Walter et al. 2008) , any survey aiming to detect CNM gas in galaxies via H I 21-cm absorption should reach such limiting column densities. Further, the connections between the distribution of H I 21-cm absorbers around low-z galaxies and different parameters of galaxies, in particular, those that are governed by the ongoing star formation in these galaxies, geometry and stellar distributions of galaxies, are not yet well-established.
Here we present the results from our systematic survey of H I 21-cm absorption in a large homogeneous sample of z < 0.4 galaxies. Our survey has resulted in seven H I 21-cm detections, the largest from any single survey of low-z QGPs. The measurements from our survey increase the existing number of sensitive H I 21-cm optical depth measurements (as defined above) at low-z by a factor of three, and the number of H I 21-cm absorption detections from QGPs by almost a factor of two. In addition, while most studies of QGPs in the literature have focused at z 0.1, our sample probes galaxies upto z ∼ 0.4, and has produced four H I 21-cm detections at z 0.1. In this work, combining the H I 21-cm absorption measurements with the host galaxy properties, we attempt to statistically determine the distribution of H I 21-cm absorbers and hence that of cold H I gas around low-z galaxies.
Identifying how the H I 21-cm absorption line properties depend on the locations of the radio lines-of-sight with respect to the foreground galaxies is essential to make progress in using H I 21-cm absorption measurements in future blind H I 21-cm absorption surveys (Morganti et al. 2015) , with the Square Kilometre Array (SKA) pre-cursors like MeerKAT (Jonas 2009 ) and ASKAP (DeBoer et al. 2009 ) and pathfinders like AperTIF (Verheijen et al. 2008 ) and uGMRT, to probe galaxy evolution. These surveys are expected to detect several hundred H I 21-cm absorbers. Hence, we expect that the results from our survey would play a crucial role in interpreting the huge volume of data expected from these upcoming surveys. In addition, our study will help to bridge the missing link between the Galactic interstellar medium (ISM) studies and high redshift (z > 1) H I 21-cm absorber studies for which host galaxy properties are difficult to study using present day telescopes. This paper is structured as follows. In Section 2, we describe the sample selection and various properties of the galaxies in our sample. In Section 3, we describe our radio observations using the Giant Metrewave Radio Telescope (GMRT), VLA and Westerbork Radio Synthesis Telescope (WSRT), and optical observations using the South African Large Telescope (SALT). In Section 4, we discuss the physical conditions in a few individual systems from our sample. Next, we study the distribution of H I 21-cm absorbers around low-z galaxies and their dependence on host galaxy properties in Section 5. We discuss our results in Section 6 and conclude by summarizing our results in Section 7. Throughout this work we have adopted a flat Λ-CDM cosmology with H0 = 70 km s −1 Mpc −1 and ΩM = 0.30.
SAMPLE DESCRIPTION

Sample Selection
At first we constructed a parent sample of QGPs using the Sloan Digital Sky Survey (SDSS; York et al. 2000 ) and the Faint Im-ages of the Radio Sky at Twenty-Centimeters (FIRST; White et al. 1997) databases. To do this we cross-matched SDSS-Data Release 9 (DR9) galaxies with photometric redshift, z phot 0.4, and FIRST radio sources with peak flux density at 1.4 GHz 50 mJy within a 40 ′′ search radius. The redshift range was chosen to ensure that the redshifted H I 21-cm absorption frequency is uniformly covered at the most sensitive radio interferometers (i.e. GMRT, VLA and WSRT), and to maximize the possibility of sub-arcsecond-scale spectroscopic and H I 21-cm emission follow-ups. The search radius was chosen to restrict to radio sightlines that would probe the foreground galaxies at low impact parameters (40 ′′ corresponds to b = 16−215 kpc for the range of z phot = 0.02−0.4 of the sample, with b = 93 kpc at median z phot = 0.13). The flux density cut on the radio sources was imposed in order to obtain a H I 21-cm optical depth sensitivity, defined as 3σ upper limit on the integrated optical depth from spectra smoothed to 10 km s −1 , τ dv 3σ 10
0.3 km s −1 . This corresponds to a sensitivity of N (H I) 5×10
19 cm −2 for Ts = 100 K and C f = 1. Note that 10 km s −1 is the typical width of the individual H I 21-cm absorption line components detected from QGPs (see Section 3.2). We then visually inspected the SDSS images of the resultant pairs to confirm that the galaxies have been correctly identified. This selection technique resulted in 106 QGPs which we refer to as the SDSS parent sample. Note that at this stage we did not place any condition on the nature of the radio source except for a flux density cut. For simplicity, we use the term QGP to refer to all pairs of radio sources and galaxies throughout this work, irrespective of the nature of the radio sources.
We carried out H I 21-cm absorption line searches for 43 of the QGPs in the SDSS parent sample. To select which sources to observe from the parent sample, preference was given to those QGPs: (a) which had spectroscopic redshift of the galaxy already available from SDSS or the literature, (b) whose optical spectra we were able to obtain with the optical telescopes accessible to us, and (c) which had impact parameters (based on spectroscopic redshift) 30 kpc. We restricted to QGPs with b 30 kpc, as ground-based imaging studies of galaxies responsible for DLAs/sub-DLAs at 0.1 z 1 have found that DLA and sub-DLA column densities occur at median impact parameters of 17 and 33 kpc, respectively (Rao et al. 2011) . Further, the expected median b for systems with log N (H I) > 20.3 is 8 kpc, based on conditional probability distribution of N (H I) and b from H I 21-cm emission maps of galaxies at z = 0 (Zwaan et al. 2005) .
In addition to the above QGPs from the parent sample, we searched for H I 21-cm absorption from five 'galaxy on top of quasars' (GOTOQs; see Noterdaeme et al. 2010; York et al. 2012; Straka et al. 2013) , in order to sample sightlines at small impact parameters passing close to the stellar discs of galaxies. The GOTOQs were selected by visually identifying intervening H α and other emission lines superimposed in the SDSS spectra of the background quasars (with FIRST peak flux density 50 mJy). Additionally, we searched for H I 21-cm absorption towards four quasars where faint optical continuum emission is seen around the quasars in the SDSS images and weak intervening Ca II absorption is detected in the background quasar's spectrum, but no corresponding emission lines are detected in the SDSS spectrum. Further, in order to include very low-z (z 0.01) galaxies not present in the SDSS parent sample, we carried out H I 21-cm absorption line search of three QGPs identified from literature (Boisse et al. 1988; Corbelli & Schneider 1990; Womble 1993 ). At such low-z, subarcsecond-scale spectroscopy and H I 21-cm emission observations become feasible. For example, joint analysis of H I 21-cm emission and absorption was possible in case of the QGP, J0041−0143, from our sample (Dutta et al. 2016 ). In total, we searched for H I 21-cm absorption from 55 QGPs.
The distribution of the photometric redshift, the angular separation from the background radio source, the SDSS r-band magnitude, and the observed SDSS g − r colour for the galaxies in the parent sample are shown in Fig. 1 (open blue histograms) . We also show the same for the galaxies searched for H I 21-cm absorption by us in orange shaded histograms. Note that SDSS photometric catalog contains objects to a magnitude limit of r ∼ 22.5 mag, which corresponds to r-band limiting luminosity of 5.5 × 10 6 − 3.4 × 10 9 L⊙ for the range of z phot = 0.02−0.4 of the parent sample, and 2.7 × 10 8 L⊙ at median z phot = 0.13. It can be seen from Fig. 1 , that due to the requirement of spectroscopic redshifts of galaxies for carrying out H I 21-cm spectral line search, our observed sample is biased towards the brighter and the bluer galaxies from the parent sample, and hence, most of the galaxies observed by us are at z phot 0.2.
In order to carryout statistical studies, we categorize the QGPs observed by us as 'primary', 'supplementary' and 'miscellaneous'. The primary sample consists of QGPs where we are confident that the radio source is a background source. The supplementary sample consists of QGPs where we are not sure about the radio source being in the background or about the galaxy redshift. The miscellaneous sample consists of QGPs where we are sure that the radio source is not a background source. (i) Primary Sample: Our primary sample consists of 40 QGPs. In all except eight pairs, spectroscopic redshifts of the background radio sources are available in SDSS or in the literature, ensuring that these are background sources. We measured the redshift of one radio source using IUCAA Girawali Observatory (IGO). Out of the seven radio sources without spectroscopic redshifts, four have photometric redshifts available in SDSS which ensure that the probability of z rad > z gal is high, even after taking into account the redshift errors. The remaining three radio sources also have high probability of being z 0.5 quasars and hence background sources, based on their SDSS and WISE colours (Wu et al. 2012 ). Hence, we take these seven radio sources to be background sources. We discuss in Section 5 the effects of excluding these sources in our statistical analyses. Our primary sample consists of 32 QGPs from SDSS, five GOTOQs, and three z 0.01 QGPs selected from literature as mentioned above. Three background radio sources in the primary sample show multiple radio emitting components at arcsecond-scales, that can be used for searching H I 21-cm absorption. Because of this, in total we have 45 radio sightlines around 40 galaxies in our primary sample where we have searched for H I 21-cm absorption. H I 21-cm absorption line searches towards these sources have resulted in seven H I 21-cm detections. The distribution of the photometric redshift, the angular separation from the background radio source, the SDSS r-band magnitude, and the observed SDSS g − r colour for the galaxies in the primary sample are shown in Fig. 1 (black shaded histograms) .
(ii) Supplementary Sample: Our supplementary sample consists of 10 QGPs. In five cases, the radio sources have no optical and infrared counterparts detected in the SDSS and WISE images, respectively. One of the radio sources is detected in the SDSS images but we cannot place any constraints on its redshift. These six sources are included in the supplementary sample, since it cannot be confirmed with the existing data whether these radio sources are behind the galaxies. From the Combined EIS-NVSS Survey Of Radio Source (Best et al. 2003; Brookes et al. 2006 Brookes et al. , 2008 , we see that 21 out of 24, i.e. 88
+12
−19 %, of the radio sources brighter than 50 mJy at 1.4 GHz have z > 0.4 (the quoted errors are 1σ Gaussian confidence intervals computed using tables 1 and 2 of Gehrels (1986) assuming a Poisson distribution). However, to remove additional sources of uncertainty in our analyses we do not include radio sources without optical/infrared counterparts in our primary sample. Note that H I 21-cm absorption has not been detected towards such radio sources till date. The other four systems in the supplementary sample were identified as potential GOTOQs, i.e. faint optical emission is seen around the quasars in the SDSS images and weak Ca II absorption is detected in the quasar's SDSS spectra. However, no corresponding galactic emission lines are detected in the SDSS spectra. Further, we do not detect any continuum or line emission from foreground galaxies in two of these cases, using SALT long-slit observations with the slit aligned along the extension seen around the quasars. We carried out H I 21-cm absorption line search of these sources at the redshift of the Ca II absorption. We do not include these four sources in the primary sample as the galaxy redshifts are not certain and we cannot rule out the possibility that the optical emission seen around the quasars in SDSS images could be from the quasar host galaxies. No H I 21-cm absorption was detected towards these 10 sources. The measurements from these systems are shown in the plots presented in this work, but they are not included in any of the statistical analyses.
(iii) Miscellaneous Sample: We report the H I 21-cm absorption line measurements towards 5 QGPs as part of a miscellaneous sample in this work, but do not include them in any analysis/discussion. Spectroscopic redshifts of the background radio sources were not available in SDSS or in the literature for these systems at the time of their radio observations. We measured the redshift of two radio sources using IGO and SALT and that of three sources subsequently became available in SDSS or in the literature. These radio sources turned out to be either at the same redshift as or slightly lower (within ∼200 km s −1 ) than that of the foreground galaxy. Three of these sources are part of merging systems while two appear to be part of group of nearby galaxies at similar redshifts. H I 21-cm absorption has been detected towards two of the merging galaxy pairs. One of them has already been reported in Srianand et al. (2015) . We report for the first time here the detection of a broad (∼150 km s −1 ) and strong H I 21-cm absorption (N (H I) (C f /Ts) ∼ 5.5 × 10 19 cm −2 K −1 ) at z = 0.2 towards the pair J205449.61+004153.0/J205449.64+004149.8 (see Fig. F3 ). Such a strong H I 21-cm absorption is rare and usually seen in merging galaxy pairs . Details of H I 21-cm absorption towards this system will be presented in a future work.
The summary of all the sources observed by us, split into primary, supplementary and miscellaneous samples as described above, are provided in Table 1. This table also gives the number of radio sightlines probed and H I 21-cm absorption detected in each category. The properties of all the sources observed by us are provided in Table A1 and discussed in Section 2.3.
Literature Sample
In order to interpret the nature of H I 21-cm absorbers around low-z galaxies, we combine the H I 21-cm measurements of our primary sample with those of QGPs from literature. Since the existing studies of QGPs in literature have been carried out with various selection techniques and sensitivities, we define here a sample of QGPs searched for H I 21-cm absorption in literature that is relevant for our analyses and consistent with the definition of our primary sam- ple. We consider the literature measurements from the compilation presented in Table 5 of Gupta et al. (2010) , as well as more recent measurements from Borthakur et al. (2011 Borthakur et al. ( , 2014 Borthakur (2016) ; Zwaan et al. (2015) ; Reeves et al. (2015 Reeves et al. ( , 2016 , subject to the following conditions. (i) We consider only systems selected on the basis of presence of a radio sightline near the galaxy, without any prior detection of absorption lines in the quasar's optical/UV spectra. This is to obtain an unbiased estimate of the covering factor of H I 21-cm absorbers around low-z galaxies (see Section 5).
(ii) Most of the H I 21-cm measurements obtained in the literature are less sensitive than ours. Hence, in order to have uniform optical depth sensitivity across all the measurements, we include only measurements of H I 21-cm non-detections in literature with τ dv 3σ 10
0.3 km s −1 (see Section 3.2). (iii) We restrict to measurements which are at impact parameters 30 kpc. (iv) We exclude measurements towards associated systems, or where z rad is within ∼200 km s −1 of z gal . (v) We exclude radio sources without optical and/or infrared counterparts and hence whose redshifts cannot be constrained. (vi) In case of low spatial resolution single dish measurements of Borthakur (2016), we do not consider the H I 21-cm non-detections with H I 21-cm emission detected in the spectrum, as the absorption could be filled-in by the emission (see e.g. Borthakur et al. 2011) .
The details of the literature sample so defined are presented in Table B1 . Note that seven of the QGPs in the SDSS parent sample are part of the sample of Borthakur et al. (2010 Borthakur et al. ( , 2014 Borthakur (2016) . We observed three of these QGPs, while the other four are part of the literature sample. All except three of the background radio sources in the literature sample are classified as quasars based on their optical spectra. For one of the radio sources only photometric redshift is available and two others no redshifts are available. We include these sources in the sample since their optical and infrared counterparts are present and H I 21-cm absorption have been detected towards them. We discuss in Section 5 the effects of excluding these sources in the statistical analyses. In total there are 24 QGPs in the literature sample, out of which H I 21-cm absorption have been detected in 9 cases (see Table 1 ). We refer to our primary sample plus the literature sample as the "Combined sample".
Sample Properties
In this section, we discuss various properties of the primary and literature samples as listed in Tables A1 and B1, respectively. (i) Nature of background radio sources: As mentioned in Section 2.1, the optical counterparts of all except seven radio sources in the primary sample have spectroscopic redshifts available from SDSS, NASA/IPAC Extragalactic Database (NED), or our IGO ob- servations. The ones without spectroscopic redshifts are taken as background sources based on their SDSS and WISE photometry. All the radio sources with spectroscopic redshifts available are classified as quasars based on their optical spectra. For the rest either no classification is available or classification based on photometry indicates that they are radio galaxies. We provide the optical classification from literature and morphology of the radio sources based on their FIRST images in Table A1 . Of the 38 background radio sources in our primary sample, 28 are compact, 7 are resolved and 3 show double peaks in the FIRST images (quasars with deconvolved sizes 2 ′′ are classified as compact; White et al. 1997) . The three sources which are double in the FIRST images are resolved into a central core (cospatial with the optical core) and two lobes in our GMRT images. In total there are 45 radio sightlines (with peak flux density 50 mJy) in the primary sample.
In case of the radio sources in the literature sample, as mentioned in the previous section, all except three have spectroscopic redshifts available which classify them as background quasars. For the remaining three sources, optical/infrared counterparts are present but no classification is available. Radio morphology at arcsecond resolution is available for 20 of the radio sources from FIRST (∼5 ′′ ) or other VLA images (∼1−5 ′′ ) (Stanghellini et al. 1998; Reid et al. 1999; Keeney et al. 2011) . Among these sources seven are resolved while rest are compact.
(ii) Galaxy redshifts: The spectroscopic redshifts of 21 galaxies in our primary sample are taken from SDSS, while that of five galaxies are taken from NED (the detailed references are provided in Table A1 ). We measured the redshifts of two galaxies using the Apache Point Observatory (APO) 3.5-m telescope, and that of seven galaxies using SALT. The details of the APO observations are provided in Gupta et al. (2010) and that of the SALT observations are provided in the next section. There are five galaxies in our primary sample that are identified as GOTOQs based on emission in the background quasar's SDSS spectra. The galaxies in our primary sample have redshifts in the range 0.00008 z 0.37, with a median redshift of 0.08. The distribution of galaxy redshifts as a function of impact parameter is shown in panel (a) of Fig. 2 . It can be seen that galaxies in the literature sample have z < 0.15 with median z ∼ 0.03. (iii) Impact parameters: The impact parameters (b) are calculated based on the projected angular separation between the centre of the galaxy and the radio sightline. The GOTOQ J1443+0214 is not detected in the SDSS images even after subtracting the quasar contribution, and the galactic line emission probably originates in a low surface brightness region within 5 kpc to the quasar sightline . The impact parameter for this GOTOQ is taken to be <5 kpc. The 45 radio sightlines in the primary sample probe a range of impact parameters ∼5 b (kpc) 34, with a median b ∼ 16 kpc. From panel (a) of Fig. 2 , it can be seen that the range of impact parameters (median b ∼ 13.9 kpc) probed by the literature sample is similar to that by the primary sample. (iv) Orientation: The galaxy inclination (i) and azimuthal orientation (φ) of the radio sightline with respect to the galaxy are calculated from the minor-to-major axis ratio and the position angle of the major axis of the galaxy, respectively, from SDSS-DR12 rband photometry (Alam et al. 2015) . The orientation is defined as the projected angle that the radio sightline makes with the projected major axis of the galaxy, with φ = 0°for sightlines along the major axis and φ = 90°for sightlines along the minor axis. We use the parameters from the best fit between the exponential and the de Vacouleurs fit provided by SDSS and also visually verify the parameters. The errors in i range from ∼2−10°. We treat galaxies with i <30°as face-on galaxies and do not estimate φ in these cases.
For the GOTOQ, J1300−2830, we estimate i and φ from the SDSS r-band image (after masking the quasar) based on isophotal ellipses using STSDAS package in IRAF. For the GOTOQ, J1438+1758, we estimate i and φ from visual inspection of the SDSS r-band image, since the galaxy emission could not to be well fit by ellipses. One of the galaxies in our primary sample (J1748+7005) and six of the galaxies in the literature sample are not covered in the SDSS footprint. Since these are very low-z galaxies their optical photometry are present in NED and we use their B-band photometric measurements to estimate i and φ. For the galaxy J104257.74+074751.3, we use the photometric measurements provided in Borthakur et al. (2010) . Note that excluding the galaxies for which photometric measurements are not available in SDSS does not change the statistical results obtained in this work beyond the quoted statistical uncertainties. (v) Galaxy properties: We estimate the absolute magnitudes of the galaxies using the kcorrect algorithm (v 4.2) by Blanton & Roweis (2007) . Specifically, we use the IDL based sdss kcorrect routine, the SDSS-DR12 Galactic extinction corrected asinh ugriz model magnitudes (Alam et al. 2015) , and the galaxy redshifts to obtain the k-corrections. For two of the GOTOQs (J1300+2830 and J1438+1758), we estimate the ugriz magnitudes from the total counts due to the galaxy (after masking the quasar and subtracting the sky contribution) within an aperture of 1.5
′′ radius in the respective SDSS images. Recall that the GOTOQ, J1443+0214, is not detected in the SDSS images and hence photometric measurements of this galaxy are not possible. The stellar masses are obtained from the kcorrect output. The typical error in the SDSS magnitudes is 0.01 and the typical uncertainty in the stellar masses derived from SDSS photometry is 50% (Blanton & Roweis 2007) . The stellar masses of the galaxies in the primary sample are in the range of 10 7.8 −10 11.0 M⊙ with a median of 10 10.0 M⊙, while the B-band luminosities are in the range of 10 8.5 −10 10.6 L⊙ with a median of 10 10.0 L⊙. The median g − r colour is 0.58, with most of the galaxies having g − r <1.0, except for one with g − r ∼1.6, which is identified as a luminous red galaxy . Note that the galaxies in the literature sample have lower median stellar mass (10 9.0 M⊙) and B-band luminosity (10 9.2 L⊙). The distribution of the galaxy luminosities, stellar masses and colours as function of impact parameter are shown in Fig. 2 . Considering the primary sample, it can be seen that at b <10 kpc, our sample consists mostly of low luminosity and low stellar mass galaxies. This is most probably because the number density of fainter and smaller galaxies is higher and hence the probability of selecting such galaxies is higher. From the same figure, we see that at b 10 kpc, our sample probes mostly galaxies with high luminosity and high stellar mass. It seems that we have preferentially selected the brightest and largest galaxy that is closest to the radio sightline. Hence, it is to be noted that the distributions of galaxy luminosities and stellar masses as function of impact parameter are not uniform by construct of our sample. On the other hand, these distributions are more uniform for the literature sample, which probes more low luminosity and low stellar mass galaxies at b 10 kpc than our primary sample.
The SDSS local galaxies show a bimodal colour distribution, i.e. they fall on either the blue or the red sequence. To check how our galaxies compare with the general galaxy population at similar redshifts, we used a magnitude-dependent colour cut, 0.1 (g − r) = 0.80 − 0.30( 0.1 Mr+ 20) (Blanton & Berlind 2007) . Here 0.1 Mr indicates the absolute magnitude in the r-band k-corrected to z = 0.1. We find that ∼70% of the galaxies in the primary sample are blue and rest are red, as also indicated by panel (d) of Fig. 1 , and this holds on combining our primary sample with the literature sample.
In the following section, we present the details of our optical and radio observations.
OBSERVATIONS AND DATA REDUCTION
Optical Observations
We obtained the optical spectra of seven galaxies in our sample using the Robert Stobie Spectrograph (RSS) on SALT in long-slit mode, under the programs 2013-2-IUCAA-001, 2014-1-IUCAA-001, 2014-2-SCI-017 (PI: Dutta). The observations were carried out with a 1.
′′ 5 slit and the PG0900 grating (resolution of ∼5Å at 5000Å). The slit positions were chosen to align both the galaxy and the quasar in the slit. Each pair was observed for a total ∼4800 sec, split into two blocks with spectral coverage of ∼4000−7000Å and ∼5000−8000Å. The wavelength ranges were chosen to maximize the coverage of the expected wavelength ranges of the H α, Hβ and O III emission lines and the Ca II absorption lines (within the photometric redshift errors). We used data reduced by the SALT science pipeline (Crawford et al. 2010) , i.e. PYSALT 1 tasks were used to prepare the image headers for the pipeline, apply CCD amplifier gain and crosstalk corrections, subtract bias frames and create mosaic images. We subsequently flat-fielded the data, applied a wavelength solution using arc lamp spectra, performed cosmic ray removal, applied background subtraction, combined the twodimensional spectra and extracted the one-dimensional spectra using standard IRAF tasks 2 . The emission and/or absorption lines 1 PYSALT user package is the primary reduction and analysis software tools for the SALT telescope (http://pysalt.salt.ac.za/). 2 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
used to determine the galaxy redshifts and the galaxy spectra are given in Appendix C.
Radio Observations
Of the 55 sources that were searched for H I 21-cm absorption by us, 50 were observed with the GMRT, two with the VLA, two with the WSRT, and one was observed with both the GMRT and the WSRT. The GMRT observations were carried out using the Lband receiver. Prior to 2011 the sources were observed using the 2 MHz baseband bandwidth split into 128 channels (spectral resolution ∼4 km s −1 per channel, velocity coverage ∼500 km s −1 ). The later observations were carried out using the 4.17 MHz baseband bandwidth split into 512 frequency channels (spectral resolution ∼2 km s −1 per channel, velocity coverage ∼1000 km s −1 ).
The VLA observations (Proposal ID: 15A−176) were carried out in A-configuration (maximum baseline of 36.4 km) using a single 8 MHz sub-band in dual polarization split into 4096 channels (spectral resolution ∼0.5 km s −1 per channel, velocity coverage ∼ 2000 km s −1 ). In the case of WSRT observations a total bandwidth of 10 MHz split into 2048 spectral channels was used to acquire data in the dual polarization mode. This corresponds to a total bandwidth of ∼2400 km s −1 and a channel width of ∼1.2 km s −1 before Hanning smoothing.
In all the observations, the pointing centre was at the quasar coordinates and the band was centred at the redshifted H I 21-cm frequency estimated from the galaxy redshifts. Data were acquired in the two linear polarization products, XX and YY (circular polarization products, RR and LL, in the case of the VLA). Standard calibrators were regularly observed during the observations for flux density, bandpass, and phase calibrations (no phase calibrators were observed for WSRT observations). The details of the radio observations of the sources are given in Table D1 .
The data were reduced using the National Radio Astronomy Observatory (NRAO) Astronomical Image Processing System (AIPS) following standard procedures as outlined in Gupta et al. (2010) . The results obtained from the H I 21-cm absorption line searches of the QGPs are provided in Table E1 . During the course of our observations we have reported the results of H I 21-cm absorption studies of 10 sources (9 from the primary sample, Gupta et al. 2010 Gupta et al. , 2013 Srianand et al. 2013 Srianand et al. , 2015 Dutta et al. 2016 ). The results of our H I 21-cm absorption searches of the remaining 45 sources (31 from the primary sample) are presented for the first time in this work.
We provide the standard deviation in the optical depth at the observed spectral resolution (στ ), and 3σ upper limit on the integrated optical depth from spectra smoothed to 10 km s −1 ( τ dv 3σ 10 ). In case of H I 21-cm absorption detections, we also provide the peak optical depth (τp) and the total integrated optical depth ( τ dv), both at the observed spectral resolution. The choice of 10 km s −1 for estimating the optical depth sensitivity is motivated by the fact that the median Gaussian full-width-at-halfmaximum (FWHM) of all the detected H I 21-cm absorption components in the primary sample is ∼10 km s −1 . The H I 21-cm absorption spectra in the primary sample have τ dv The H I 21-cm absorption spectra of the QGPs and the radio continuum contours of the radio sources overlaid on the optical images of the galaxies are provided in the online version, in Appendix F and Appendix G, respectively. The typical spatial resolution of the GMRT images is ∼2−3 arcsec, while that of the VLA images is ∼1−2 arcsec, and that of the WSRT images is ∼20 arcsec (see Table D1 ).
INDIVIDUAL SYSTEMS
We have detected H I 21-cm absorption from seven QGPs in our primary sample. Five of these have been reported in Gupta et al. (2010 Gupta et al. ( , 2013 ; Srianand et al. (2013) ; Dutta et al. (2016) . In this work we report two new H I 21-cm absorption detections from the QGPs, J1243+4043 and J1438+1758. We discuss the physical conditions in the QGP, J1438+1758, in Section 4.1. Detailed study of the QGP, J1243+4043, including Global Very Long Baseline Interferometry H I 21-cm absorption spectra and optical longslit spectra, will be presented in a future work. In Section 4.2, we discuss the implications of our measurements of the QGP, J1243+1622, from which Schneider & Corbelli (1993) have reported tentative H I 21-cm absorption. In Sections 4.3 and 4.4, we discuss about two QGPs, J1300+2830 and J1551+0713, respectively. These two are intriguing since these are the only QGPs in our sample where the quasar sightlines appear to pass through the optical disc of the galaxies in the SDSS images, but no significant H I 21-cm absorption is detected towards them (though tentative absorption features are present). Readers interested in only the statistical results may go directly to Section 5.
QGP J1438+1758
The QGP J1438+1758 is a GOTOQ, i.e. the foreground galaxy was identified by us from emission lines in the SDSS spectrum of the background quasar. The foreground galaxy, located ∼3 ′′ (b = 7.5 kpc) south of the quasar (see panel (a) of Fig. 3 ), is not identified as a separate photometric object in SDSS. A narrow H α emission line is seen at z gal = 0.1468 in both the SDSS-DR7 and the SDSSBaryon Oscillation Spectroscopic Survey (BOSS) spectra (fibre diameters of 3 ′′ and 2 ′′ or ∼8 and ∼5 kpc at z gal , respectively), with the line strength being a factor of ∼3 weaker in the SDSS-BOSS spectrum than in the SDSS-DR7 spectrum. From Gaussian fit to the H α emission (see panel (a) of Fig. 4) , we obtain z gal = 0.1468 ± 0.0001. From the SDSS-DR7 spectrum, we measure flux of the H α line as, F (H α) = (12.6 ± 2.8) × 10 −17 erg s −1 cm −2 . This gives the dust-uncorrected luminosity of L(H α) = (7.3 ± 1.6) × 10 39 erg s −1 . Following Argence & Lamareille (2009), we estimate the total star formation rate (SFR) in the portion of the galaxy covered by the SDSS fibre as 0.03 ± 0.01 M⊙ yr −1 (uncorrected for dust attenuation and fibre filling factor). For the SDSS fibre size, this leads to an average surface density of the SFR (ΣSF R) of 0.0006 M⊙ yr −1 kpc −2 , for unit fibre filling factor. We also detect weak [O II] emission in the SDSS-DR7 spectrum and measure L([O II] λ3727) = (6.9 ± 2.5) × 10 39 erg s −1 (uncorrected for dust). This gives the SFR as 0.05 ± 0.02 M⊙ yr −1 following Kewley et al. (2004) , consistent with the SFR obtained from H α.
The SFR obtained above is well below the median SFR Noterdaeme et al. 2010) . The ΣSF R is an order of magnitude smaller compared to that measured in z < 0.4 galaxies which show H I 21-cm absorption (see Table 3 of Gupta et al. 2013) , as well as that inferred for the CNM in z >2 DLAs by Wolfe et al. (2003) using C II*. Hence, the quasar sightline seems to be probing the outer, low star-forming disc of the galaxy. If we assume that the Kennicutt-Schmidt law is obeyed in the outer disc of the galaxy, then we get log N (H I) = 20.3 (Kennicutt 1998a,b) . However, if the star formation efficiency in the outer disc is much lower than that predicted by the Kennicutt-Schmidt law (see e.g. Bigiel et al. 2010; Rafelski et al. 2011; Elmegreen & Hunter 2015) , the N (H I) will be higher.
We estimate the dust optical depth in the systematic V band of the galaxy (τV ) and the colour excess (E(B −V )) along the quasar sightline by fitting the quasar spectral energy distribution (SED) using the SDSS composite quasar spectrum (Vanden Berk et al. 2001) , reddened by the Milky Way, LMC and SMC extinction curves (see Srianand et al. 2008 Srianand et al. , 2013 Noterdaeme et al. 2009 Noterdaeme et al. , 2010 , for the detailed procedure). The best-fitting (χ = 1.086τV ). The errors quoted are mainly statistical. We applied the same procedure to a control sample of 159 SDSS non-BAL quasars within ∆z = ±0.01 of z rad and ∆rmag = ±2.0 of rmag of the quasar and with SNR 10. The resulting distribution of AV has median value of 0.06 and rms of 0.24. This rms reflects a typical systematic error in the SED-fitting method due to the dispersion of the unreddened quasar SED. Hence, the quasar sightline does not show any significant evidence of reddening. If we assume RV = 3.1 as seen in the Milky Way, then E(B − V ) = 0.03, which is much lower than what is measured in high-z dusty Mg II and CO systems with 2175Å dust absorption bump (Srianand et al. 2008; Noterdaeme et al. 2009; Jiang et al. 2011) as well as in low-z galaxies with H I 21-cm absorption (Gupta et al. 2010 Srianand et al. 2013) . The small value of extinction is more in line with the values generally seen towards intervening DLAs, Mg II and Ca II systems (York et al. 2006; Khare et al. 2012; Sardane et al. 2015) . Using the observed relation between AV and N (H I) in the Milky Way (Bohlin et al. 1978) , we get log N (H I) = 20.2 (1/κ), where κ is the ratio of dust-to-gas ratio in the absorption system to that in the Milky Way.
Both the SDSS-DR7 and the SDSS-BOSS spectra of the quasar show Ca II and Na I absorption lines at the redshifted wavelengths expected for the foreground galaxy (see panels (b) and (c) of Fig. 4 ). We use the higher SNR SDSS-BOSS spectrum to obtain the rest equivalent widths of the Ca II λ3934 and the Na I λ5891 lines as 0.22 ± 0.05Å and 0.27 ± 0.09Å, respectively. The rest equivalent width of Ca II λ3934 measured here is consistent with the weak Ca II absorber population proposed by Sardane et al. (2015) , which were shown to have an abundance pattern typical of halo gas with less depletion of the refractory elements and a typical E(B − V ) ∼0.01. Using the empirical relation between E(B − V ) and rest equivalent width of Na I obtained by Poznanski et al. (2012) , we estimate E(B − V ) = 0.05
+0.05
−0.03 , consistent within uncertainties with the value obtained from SED fitting.
We detect H I 21-cm absorption towards the background quasar at the redshift of the galaxy. The H I 21-cm absorption profile is best fit with two Gaussian components, (i.e. χ 2 ν = 1.2 for double Gaussian fit compared to χ 2 ν = 2.0 for single Gaussian fit), A and B, separated by ∼13 km s −1 . The fit to the absorption is shown in panel (b) of Fig. 3 , and the details of the fit are provided in Table 2. The velocity offset between the H I 21-cm absorption components and the redshift estimated from the H α emission is well within the redshift measurement error. The total integrated optical depth of the H I 21-cm absorption is 4.89 ± 0.19 km s −1 which yields N (H I) (C f /Ts) = (8.9 ± 0.4) × 10 18 cm −2 K −1 . 90% of the total optical depth is contained within 20 km s −1 . Our GMRT image of the background radio source (panel (a) of Fig. 3) shows that it is compact with a flux density of 53 mJy, consistent with that obtained by FIRST. High-resolution (sub-arcsecond-scale) map is not available for this source, and hence C f is uncertain. For C f = 1 and a typical CNM mean temperature of 100 K, as observed in the Milky Way (Heiles & Troland 2003) , log N (H I) = 20.95 ± 0.02. Comparing this with the N (H I) obtained from SED fitting above gives κ = 0.2, consistent with the absorption arising from cold gas in the outer disc of the galaxy, where the dust-to-gas ratio is expected to be lower.
QGP J1243+1622
The QGP J1243+1622 (also known as 3C 275.1/NGC 4651; z rad = 0.56; z gal = 0.0026) has been studied in H I 21-cm absorption and emission by Corbelli & Schneider (1990) ; Schneider & Corbelli (1993) . A tentative H I 21-cm absorption feature, with peak optical depth of 0.0067 ± 0.0012, was found in their VLA C-configuration observations at heliocentric velocity 643 km s −1 . In their subsequent VLA B-configuration observations, the radio source (3C 275.1) resolves into two components. However, the absorption feature appeared weaker in the spectra towards both these components, as well as in the spectra extracted from data smoothed to the resolution of the C-configuration. Another tentative feature was identified at heliocentric velocity 636 km s −1 , with peak optical depth of 0.0059 ± 0.0016 and integrated optical depth of 0.03 km s −1 , towards the southern component. The authors also report H I 21-cm emission along the quasar sightline from the outer disk of NGC 4651 at the level of N (H I) ∼ 3× 10 19 cm −2 from VLA Dconfiguration observations. Combining this with their optical depth measurement they constrain the H I gas in the outer H I disk of NGC 4651 to be warmer than ∼500 K.
The radio source resolves into a core (cospatial with the optical quasar) and two lobes separated by ∼15 ′′ in our GMRT image (panel (c) of Fig. 3 ). There appears to be tentative weak absorption features (marked by 'A' and 'B' in panel (d) of Fig. 3 ), near the velocities of the tentative features reported by Schneider & Corbelli (1993) , in the spectra towards the continuum peaks of the northern lobe and the core. However, the integrated optical depth of these features (0.03 ± 0.01 km s −1 and 0.04 ± 0.02 km s −1 for A and B, respectively) are not significant ( 3σ). We obtain τ dv 3σ 10 0.030 km s −1 towards the two lobes and 0.060 km s −1 towards the core, consistent with the measurement of Schneider & Corbelli (1993) . All three radio sightlines are at b ∼ 12 kpc from NGC 4651. Chung et al. (2009) have estimated the isophotal H I diameter (where the azimuthally averaged H I surface density falls to 1 M⊙pc −2 ) and the effective H I diameter (encompassing 50% of the total flux) of NGC 4651 to be 30.3 kpc and 15.6 kpc, respectively. From the high resolution and high sensitivity H I emission map of NGC 4651 presented in Chung et al. (2009) , the H I distribution is asymmetric and extended to the west, i.e. away from the radio sightlines. In the opposite side of the H I tail i.e. to the north-east, a stellar tail is found in the optical images (see Fig. 3 ). The quasar sightlines lie just at the edge of the H I disk of NGC 4651 in this map, where N (H I) 6× 10 19 cm −2 , consistent with Schneider & Corbelli (1993) . It is important to note that cold gas, if present in the outer disk of NGC 4651, could be clumpy and the N (H I) obtained from H I emission represents the average H I surface density in that region. The H I 21-cm optical depth sensitivity achieved in this case will be good enough to detect Ts ∼ 100 K gas for N (H I) = 10 19 cm −2 when C f = 1. The lack of H I 21-cm ab- In case of J1438+1758, individual Gaussian components and the resultant fits to the absorption profile are plotted as dotted and continuous lines, respectively. Residuals, shifted by an arbitrary offset for clarity, are also shown. Locations of the peak optical depth of the individual components are marked by vertical ticks. In case of J1243+1622, the H I 21-cm absorption spectra towards the core and southern lobe are overplotted on the spectrum towards the northern lobe (solid line), in dotted and dashed lines, respectively. Locations of the weak tentative absorption features suggested by Schneider & Corbelli (1993) are marked by vertical lines. We do see weak albeit statistically insignificant ( 3σ) features at these locations even in our spectra. sorption is consistent with either N (H I) being very small or Ts/C f 550 K towards the core and 1100 K towards the two lobes if we assume N (H I) = 6× 10 19 cm −2 as seen in the outer regions of the emission map.
QGP J1300+2830
The QGP, J1300+2830, is a GOTOQ with the foreground galaxy located ∼3 ′′ (b = 9.4 kpc) north-east of the quasar (z rad = 0.65) in the SDSS image (see panel (a) of Fig. 5) . A narrow H α emission line from the foreground galaxy is detected on top of the broad Hβ emission from the background quasar in the SDSS spectrum. From Gaussian fit to the H α emission line, we obtain z gal = 0.2229 ± 0.0001 and F (H α) = (23.52 ± 6.47) × 10 −17 erg s Fig. 6 ). This leads to a dust-uncorrected luminosity of L(H α) = (3.45 ± 0.95) × 10 40 erg s −1 and SFR (in the portion of the galaxy covered by the SDSS fibre) = 0.14 M⊙ yr The ΣSF R = 0.003 M⊙ yr −1 kpc −2 is comparable to the values measured in z < 0.4 galaxies which show H I 21-cm absorption (see Table 3 of Gupta et al. 2013) , as well as that inferred for the CNM in z >2 DLAs by Wolfe et al. (2003) using C II*. However, we do not detect H I 21-cm absorption from this galaxy ( τ dv 3σ 10 0.239 km s −1 ). It is interesting to note that this is the only GOTOQ, out of the six (five in our sample and one from Borthakur et al. (2010)) that have been searched for H I 21-cm absorption, where H I 21-cm absorption has not been detected. We show the VLA H I 21-cm absorption spectra smoothed to 2 km s from the H α redshift. The radio source is compact in our VLA image (panel (a) of Fig. 5 ) with a flux density of 119 mJy, similar to that obtained by Miller et al. (2009) . No sub-arcsecond-scale map of the radio source is available at 1.4 GHz. We measure rest equivalent width of the Ca II λ3934 line as 0.43 ± 0.06Å (see panel (c) of Fig. 6 ). The presence of Ca II absorption means that there is H I gas along the quasar sightline. However, the Na I doublet is not detected and we put a 3σ upper limit on the rest equivalent width of Na I λ5891 0.11Å. In the Galactic ISM, N (Na I)/N (Ca II) > 1 for the observed values of N (Na I) (Welty et al. 1996, figure 9) , while the present ratio is 0.1 assuming linear part of the curve of growth. This could mean that the gas is not arising from the dusty and dense ISM where Ca depletion is high (∼ −3 dex). This is discussed further in Section 6.1.
QGP J1551+0713
The QGP J1551+0713 consists of a quasar (z rad = 0.68) whose sightline appears to pass through the outer optical disc of a foreground galaxy (5 ′′ north of the galaxy's centre) in the SDSS image (see panel (c) of Fig. 5 ). We obtained the redshift of the galaxy, z gal = 0.1007 ± 0.0005, from our SALT long-slit spectrum. The galaxy appears to be a non-star-forming early-type galaxy. No emission lines are detected in the SALT spectrum of the galaxy, but stellar absorption from H α, Ca II and Na I lines are detected (see Fig. C1 ), implying an old stellar population.
The radio emission from the quasar is compact in our GMRT image (panel (c) of 0.265 km s −1 constraint leads to log N (H I) 19.7. The H I 21-cm non-detection in this case can be due to the absence of gas along the sightline or most of the gas along the sightline being warm. The first possibility is supported by the non-detection of Ca II and Na I absorption lines at the redshift of the galaxy in the quasar spectrum, with 3σ upper limits on rest equivalent widths as 0.13Å (Ca II λ3934) and 0.09Å (Na I λ5891), respectively.
STATISTICAL ANALYSES
In this section we study the optical depth and covering factor of H I 21-cm absorbers around low-z galaxies as function of their spatial location as well as the host galaxy properties. To estimate the covering factor of H I 21-cm absorbers (C21) we use a 3σ optical depth sensitivity, τ0, i.e. C21 is defined as the fraction of systems showing H I 21-cm detections with τ dv 3σ 10 τ0 and τ dv τ0.
As mentioned in Section 3.2, ∼90% of the QGPs in our primary sample have τ dv 3σ 10 0.3 km s −1 , corresponding to a sensitivity of log N (H I) 19.7 for Ts = 100 K and C f = 1. Hence, we use τ0 = 0.3 km s −1 throughout this work, unless mentioned otherwise, to estimate C21. For the statistical analyses in this section we include the measurements from our primary sample and the literature sample. In total there are 64 galaxies (69 radio sightlines) in the Combined sample, out of which H I 21-cm absorption has been detected in 16 sightlines (see Table 1 ). Note that for the QGPs, J1015+1637, J1606+2717 and J1748+7005, we adopt the more sensitive optical depth constraints obtained by Borthakur (2016) , Borthakur et al. (2014) and Greisen et al. (2009) , respectively, for the purpose of the statistical analyses here.
Radial profile of H I 21-cm absorbers
Impact parameter
Left panel in Fig. 7 shows the integrated H I 21-cm optical depth as a function of impact parameter around galaxies. The filled symbols correspond to τ dv of the H I 21-cm detections and the open symbols to τ dv 3σ 10 of the H I 21-cm non-detections. The black, red and green symbols are for QGPs in the primary, literature and supplementary samples, respectively. The size of the symbols represents the luminosity of the galaxies, with small size for galaxies with LB 10 10 L⊙ and large for galaxies with LB > 10 10 L⊙. Galaxies without photometric measurements are plotted with a different symbol (diamond). H I 21-cm absorption has been detected over the range 1.7 b(kpc) 25. It can be seen from Fig. 7 that the H I 21-cm optical depth declines with increasing b albeit with a large scatter. As shown in figure 9 of Zwaan et al. (2015) , the distribution of N (H I) (derived from τ dv) with impact parameter of the low-z QGPs follows the general declining trend of N (H I) with galactocentric radius obtained from emission maps of local galaxies (Zwaan et al. 2005) . A weak anti-correlation between τ dv of the H I 21-cm detections and b (Spearman rank correlation coefficient of ∼ −0.3 at a significance level of 0.81) has been reported previously by Gupta et al. (2013) ; Zwaan et al. (2015) . Recently, Curran et al. (2016) have reported an anti-correlation using Kendall-tau test (probability of the anti-correlation arising by chance, P (r k ) = 9.39 × 10 −4 , which is significant at S(r k ) = 3.31σ) between the H I 21-cm absorption strength and impact parameter using 90 lowz H I 21-cm observations in literature and including upper limits on the H I 21-cm optical depth as censored data points. However, they do not provide the value of the correlation coefficient, r k . We perform a survival analysis on all the measurements in the Combined sample, by including the 3σ upper limits as censored data points. In particular, we perform Kendall's τ correlation test using the 'cenken' function under the 'NADA' package in R to obtain r k = −0.20, P (r k ) = 0.01, S(r k ) = 2.42σ. The results from test for correlation between τ dv and various parameters are given in Table 3 .
The anti-correlation obtained by us is at a lesser significance than that obtained by Curran et al. (2016) . This could be due to the differences between the samples used by them and us, which we list here: (a) Our Combined sample consists of 31 new measurements from our primary sample and 7 new measurements from Borthakur (2016) that were not present in the sample of Curran et al. (2016) . 2), we have not included measurements towards radio sources without optical counterparts and measurements towards systems that were picked based on the presence of metal absorption in the quasar spectra, whereas Curran et al. (2016) have not imposed such conditions on their sample.
To check the dependence of the anti-correlation between τ dv and b on galaxy properties, we divide the galaxies into two groups based on the median LB = 10 10 L⊙. We find that the anticorrelation becomes stronger but not more significant considering only the low-luminosity galaxies (r k = −0.26, P (r k ) = 0.03, S(r k ) = 2.09σ), and weaker and less significant considering only the highluminosity galaxies (r k = −0.15, P (r k ) = 0.20, S(r k ) = 1.23σ). Similar results are found when we divide the galaxies based on their stellar masses and colours, i.e. the anti-correlation is stronger for low-mass and bluer galaxies.
Coming to covering factor of H I 21-cm absorbers, top left panel of Fig. 7 shows C21 in two bins of b based on the median value (∼15 kpc). C21 drops from 0.24 Table 4 . Next, we divide galaxies in each impact parameter bin based on their luminosity into high and low luminosity groups. It can be seen from the above figure that C21 shows declining trend with b for both luminosity groups. We also find that C21 shows similar declining trend with b when we divide Recall that seven radio sources in the primary sample and three radio sources in the literature sample do not have spectroscopic redshifts available, but are considered as background sources based on optical and infrared photometry (see Sections 2.1 and 2.2). We find that excluding these 10 systems does not change the anti-correlation between τ dv and b. The average C21 within b = 30 kpc (0.14 +0.07 −0.05 ) and the trend of C21 with b also remain the same within the uncertainties. Similarly, including the sources in the supplementary sample does not change the above results within the uncertainties, with average C21 = 0.14 +0.06 −0.04 within b = 30 kpc.
Scaled impact parameter
We scale the impact parameter with an estimate of the H I radius of the galaxy based on its optical luminosity. Since H I emission cannot be mapped from all our galaxies, for the sake of uniformity we use an estimate of the probable H I size based on the correlation found between the optical B-band magnitude and H I size of spiral and irregular galaxies in the field at low redshift (Broeils & Rhee 1997; Lah et al. 2009 ). Using this relation we estimate the effective radius (R H I ) within which half of the H I mass of the galaxy is contained. This amounts to scaling the impact parameter with the galaxy luminosity since R H I ∝ L β B , where β ∼ 0.4. This is similar to the scaling relation found between optical size and luminosity 10 of the H I 21-cm detections and non-detections, respectively. The small circles are for galaxies with L B 10 10 L ⊙ while the large circles are for galaxies with L B > 10 10 L ⊙ . Galaxies without luminosity measurements available are plotted as diamonds. The typical error in the optical depth measurements is shown at the bottom left of the plot. To the top of the plot, the covering factor of H I 21-cm absorbers (for τ 0 = 0.3 km s −1 ) in the Combined sample is shown as a function of impact parameter in two different bins demarcated at the median b. The circles, diamonds and squares in the top panels show C 21 for all the galaxies, galaxies with L B 10 10 L ⊙ and galaxies with L B > 10 10 L ⊙ , respectively. Right: The same as in the figure to the left for impact parameter scaled with effective H I radius (see Section 5.1.2 for details). In both panels, the horizontal dotted lines mark τ dv = 0.3 km s −1 and the vertical dotted lines marks the median b and b/R H I . Table 3 . Results of correlation analysis between the H I 21-cm absorption strength and various parameters for the Combined sample. Column 1: Parameter against which correlation of τ dv is tested. Column 2: Number of measurements included in the test. Column 3: Kendall rank correlation coefficient. Columns 4: Probability of the correlation arising by chance. Column 5: Significance of the correlation assuming Gaussian statistics. The upper limits ( τ dv 3σ 10 ) are considered as censored data points while performing survival analysis using the 'cenken' function under the 'NADA' package in R. of nearby galaxies detected by the Arecibo Legacy Fast Arecibo L-Band Feed Array (ALFALFA) survey and SDSS (Toribio et al. 2011 ). H I 21-cm optical depth as a function of the scaled impact parameter is shown in the right panel of Fig. 7 .
We find an anti-correlation between τ dv and b/R H I , similar to that between τ dv and b (see Table 3 ). As in the previous section, we find that the anti-correlation between τ dv and b/R H I is mostly driven by the low-luminosity (alternatively low stellar mass or bluer) galaxies. From top right panel of Fig. 7 and Table 4 , it can be seen that C21 falls with b/R H I and the probability of detecting H I 21-cm absorption at b/R H I > 2 is very small ( 0.05). From the same figure, there does not appear to be any τ 0 and τ dv τ 0 . Column 4: C 21 = N 21 /N . Note that for estimating φ, we have considered only galaxies with i 30°. Errors represent Gaussian 1σ confidence intervals computed using tables of Gehrels (1986) assuming a Poisson distribution. difference in dependence of C21 on b/R H I based on the galaxy luminosity. We note that similarly there is no difference in the trend of C21 with b/R H I based on stellar mass and colour of galaxies.
We can treat β in the scaling relation between R H I and LB as a free parameter, in order to check whether the scatter in the relation between τ dv and b/R H I can be reduced. Varying β over 0−0.4 introduces ∼15−20% variation in the strength and significance of the anti-correlation between τ dv and b/R H I . The strongest (r k = −0.24) and most significant (S(r k ) = 2.82σ) anti-correlation is obtained for β = 0.2. This may suggest that the cold H I gas distribution may not follow the same scaling relation with optical luminosity as that of the total H I gas. However, for consistency we quote the results for β = 0.4 throughout this work.
Radial distance
We define the radial distance from the galaxy's centre to where the radio sightline passes through the plane of the disk as,
Here we are assuming that the H I and stellar components of the galaxies have similar morphology. As with b, τ dv is weakly anticorrelated with R, however the anti-correlation is slightly weaker and less significant (see Table 3 ). The anti-correlation is retained (at ∼2σ) when we scale R with the effective H I radius, R H I , as defined in Section 5.1.2. As in the previous section, the strength and significance of the anti-correlation can change by <20% on varying β between 0 to 0.4. Again as with b, the anti-correlations are stronger for the low-luminosity galaxies. The distribution of H I 21-cm optical depth as a function of R and R/R H I is shown in Fig. 9 . From Table 4 and top panels of Fig. 9 , we can see that C21 declines with increasing R and R/R H I . The two galaxies (NGC 3067 (Carilli & van Gorkom 1992) and J135400.68+565000.3 (Zwaan et al. 2015) ) in which H I 21-cm absorption arises at R/R H I 3 are the ones with the radio sightline oriented close to the minor axis. Hence, in these systems the H I 21-cm absorption is not likely to arise from the extended H I disks, but due to high-velocity clouds (HVCs) or tidally disturbed/warped H I disks. We discuss such systems in the next section. From Fig. 9 , it can be seen that C21 for galaxies with LB 10 10 L⊙ follows a similar trend, with C21 ∼0.3 at R < 20 kpc and R/R H I < 2, and C21 0.05 beyond. On the other hand, C21 for galaxies with LB > 10 10 L⊙ seems to be more or less constant (∼0.1−0.2) with R and R/R H I . The same result holds when we divide galaxies based on their stellar masses and colours.
In conclusion: Both the H I 21-cm absorption strength ( τ dv) and detectability (C21) around low-z galaxies show a weak declining trend with b. Similar trends are found on converting b to the radial distance along the galaxy major axis as well on scaling the distances with the effective H I radius.
Azimuthal profile of H I 21-cm absorbers
We investigate here whether the distribution of H I 21-cm absorbers around low-z galaxies is spherically symmetric, or whether there is any dependence on the galaxy inclination and orientation of the radio sightline with respect to the galaxy. Due to lack of information about the H I morphology of the galaxies, we assume that the H I disks of the galaxies have the same ellipticity and position angle as that of their stellar disks. Additionally, we assume that the H I disks are not warped or twisted. In Fig. 10 we show the distribution of i and φ of the QGPs, where the sizes of the symbols are based on the galaxy luminosities and their shapes are based on the impact parameters. We remind here that φ is estimated only for galaxies with i 30°. The distributions of i for galaxies with H I 21-cm detections (median ∼52°) and non-detections (median ∼47°) are not very different. A two-sided Kolmogorov-Smirnov (KS) test suggests that the maximum deviation between the two cumulative distribution functions is DKS = 0.24 with a probability of PKS = 0.4 (where PKS is the probability of finding this DKS value or lower by chance). However, when it comes to φ, the distributions for the systems with H I 21-cm detections and the non-detections are quite different (DKS = 0.49 with PKS = 0.02). The 21-cm detections have median φ = 21°whereas the non-detections have median φ = 47°. This suggests that orientation may play a role in determining properties of H I 21-cm absorbers.
From Fig. 10 we can see that H I 21-cm absorption is detected only for φ 30°(i.e. near the galaxy major axis) and for φ 60°(i.e. near the galaxy minor axis). A bimodality in the azimuthal orientation of Mg II absorbing gas around galaxies has been observed, which is believed to be driven by gas accreting along the galaxy major axis and outflowing along the galaxy minor axis Kacprzak et al. 2012; Bordoloi et al. 2014; Nielsen et al. 2015) . However, there are only three H I 21-cm detections near the minor axis compared to nine near the major axis. These nine absorption are likely to arise from the H I disk of the galaxies. In all three cases where H I 21-cm absorption has been detected close to galaxy's minor axis, b 15 kpc, i.e. the absorption could be arising from a warped/disturbed H I disk. Indeed in two of these galaxies (NGC 3067 and ESO 1327−2041), the H I 21-cm absorption was found to be arising from the tidally disturbed H I gas around the galaxy (Carilli & van Gorkom 1992) . Later studies of these QGPs using Hubble Space Telescope images have attributed the H I 21-cm absorbers to HVCs and extended spiral arm of a merging galaxy (Keeney et al. 2005 (Keeney et al. , 2011 Stocke et al. 2010) .
We point out that in the two cases where H I 21-cm absorption have been detected at b 20 kpc (Dutta et al. 2016; Reeves et al. 2016) , the galaxies are face-on (i.e. i <30°), and hence the probability of intersecting the H I disk is higher as compared to galaxies with inclined disks. This along with larger number of H I 21-cm detection near the major axis could imply that H I 21-cm absorbers are mostly arising from the plane of the H I disk. In that case, the H I 21-cm optical depth is expected to correlate with the galaxy inclination and orientation. Specifically, the H I 21-cm optical depth should be maximum in the configuration where the sightline is aligned along the major axis of the galaxy which is viewed edge-on, since the sightline would traverse the full H I disk in that case. While we do not find any significant correlation of τ dv with i, we find that τ dv is weakly anti-correlated with φ and weakly correlated with sin(i)cos(φ) (see Table 3 ).
The covering factor of H I 21-cm absorbers as a function of i, φ and sin(i)cos(φ) are given in Table 4 . C21 falls from 0.20 +0.14 −0.09 near the major axis (φ < 45°) to 0.04 +0.09 −0.03 near the minor axis (φ 45°), and C21 increases similarly with sin(i)cos(φ). To illustrate the dependence of C21 on i and φ, we show in Fig. 10 the SDSS images of typical QGPs from our sample in five bins of i and φ as marked in the top figure. Given below each image is C21 corresponding to that particular bin of i and φ. While the errors are large, it can be seen that C21 is maximum for sightlines that pass near the major axis of edge-on galaxies, and minimum for sightlines that pass near the minor axis of inclined galaxies.
However, we find that φ is correlated with b (r k = +0.28, P (r k ) = 0.004, S(r k ) = 2.91σ) in the Combined sample. This is due to the dearth of galaxies probed along the minor axis at small b. The correlation is mostly driven by the GOTOQs, where by construct the radio sightlines pass through the optical disks in SDSS images, and hence they are probed both at low b and at low φ. We Figure 9 . Same as in Fig. 7 for (left) the radial distance in the plane of the galaxy disk (as defined in Eqn. 1) and (right) the radial distance scaled by the effective H I radius.
caution that space-based high spatial resolution imaging of these GOTOQs are required to accurately measure their orientation angles. Since the strongest and most significant anti-correlation of τ dv is found with b (see Table 3 ), it is possible that this is driving the weaker and less significant anti-correlation of τ dv with φ (as well as correlation with sin(i)cos(φ)). However, if we consider the average C21 within 30 kpc (0.16 +0.07 −0.05 ; see Fig. 8 ), we find that it can be enhanced by ∼ 50% by restricting to sightlines passing close to the disk, i.e. C21 = 0.24
30°. Further, when we consider galaxies only at b < 15 kpc (where C21 is highest; see Table 4 ), there is a tendency for more H I 21-cm absorbers to be detected closer to the major axis, i.e. C21 = 0.31
+0.21
−0.14 at φ < 45°compared to C21 = 0.11 +0.26 −0.09 at φ 45°. However, this is not significant considering the 1σ Poisson confidence intervals. More H I 21-cm detections are required to confirm this tentative dependence of C21 and τ dv on φ, and whether it is independent of that on b.
In conclusion: τ dv and C21 show weak dependence on the galaxy orientation, with tentative indication for most of the H I 21-cm absorbers to be co-planar with the H I disks. However, the dependence may not be independent from that on impact parameter.
Galaxy properties
In Section 5.1, we have seen that the anti-correlation between τ dv and b (as well as b/R H I , R and R/R H I ) becomes more pronounced for the low luminosity, low stellar mass, bluer galaxies. However, none of the anti-correlations are at greater than ∼2σ level of significance. Further, at larger radial distances, C21 tends to be higher for the higher luminosity, higher stellar mass, redder galaxies (see Fig. 9 ). While the errors are large due to small number statistics, these results seem to indicate that the probability of detecting H I 21-cm absorbers at large galactocentric distances is higher for galaxies with high luminosities and masses, in other words, the H I 21-cm absorbing gas cross-section may be larger for these galaxies.
However, we do not find any significant correlation of τ dv with luminosity, stellar mass and colour of galaxies (see Table 3 ). Further, the H I 21-cm detections do not have different distributions of these galaxy properties from the H I 21-cm non-detections. Additionally, we can use the definition of magnitude-dependent g − r colour cut (Blanton & Berlind 2007) , as described in Section 2.3, to classify the galaxies as red and blue. We find that C21 is similar for the blue (0.15
−0.06 ) and the red galaxies (0.12
−0.08 ). However, note that only two of the H I 21-cm absorption detections are from early morphological type galaxies Zwaan et al. 2015) .
In order to study the dependence of H I 21-cm absorption on host galaxy SFR, we consider a subset of the galaxies (30) whose spectra are available from SDSS, since all the galaxies in our sample and in the literature do not have homogeneous optical spectra available. We also consider the GOTOQs (6) from which emission lines are detected in the background quasars' SDSS spectra. We estimate the surface SFR density, ΣSF R (uncorrected for dust attenuation and fibre filling factor) from the H α flux detected in the SDSS fibre using equations 6 and 7 of Argence & Lamareille (2009) . The H I 21-cm optical depth does not have any significant correlation with ΣSF R (see Table 3 ). Note that the total SFR of the host galaxies in case of the GOTOQs is likely to be higher than what is measured from the quasar spectra. In addition, we do not find any significant correlation between τ dv and the SFR as well as the specific SFR (SFR per unit stellar mass) estimated from photometric measurements by the kcorrect algorithm. However, consistent measurement of SFR for all the galaxies is required to confirm any trend between τ dv and star formation. Finally we note that, over the redshift range (0−0.4) probed by the Combined sample, we do not find any significant (< 1σ) redshift evolution of τ dv and C21.
In conclusion: We do not find any significant dependence of the strength and distribution of H I 21-cm absorbers on the host galaxy properties studied here, i.e. luminosity, stellar mass, colour, ΣSF R and redshift.
Kinematics
The H I 21-cm absorption lines are detected within ∼ ±150 km s −1 of the systematic redshift of the galaxy, with median value ∼60 km s −1 . Absorption from metal lines at the redshift of the H I 21-cm absorption have been detected in the SDSS spectra of the quasars in most cases (see Section 6.1). However, high resolution optical spectra of the quasars are required to compare the kinematics of the H I 21-cm absorption and the metal lines. Considering the H I 21-cm absorption detections where the lines are resolved, the lines have v90 in the range ∼4−70 km s −1 , with median ∼ 22 km s −1 (v90 is the velocity width within which 90% of the total optical depth is detected). The FWHM, from Gaussian fits of all the H I 21-cm absorption components which are resolved, is in the range ∼4−50 km s −1 , with median ∼10 km s −1 . The upper limits on the gas kinetic temperature, obtained assuming the line widths are purely due to thermal motion, range over ∼300−60000 K. Note that Borthakur et al. (2010) have detected a narrow, single channel (FWHM ∼1.1 km s −1 ) H I 21-cm absorption towards a dwarf galaxy (UGC 7408), which corresponds to TK ∼ 26 K. The typical temperature of the CNM gas (∼100 K) corresponds to a thermal velocity dispersion of ∼1 km s −1 (FWHM ∼2 km s −1 ), while that of the WNM gas (∼5000−8000 K) corresponds to ∼6−8 km s −1 (FWHM ∼14−19 km s −1 ), and spectral lines broader than this can be attributed to non-thermal motion in the ISM (Wolfire et al. 1995; Heiles & Troland 2003) . However, we note that the some of the large line widths of the H I 21-cm absorption can also be due to structure of the background radio sources, and multi-wavelength sub-arcsecond-scale images of the radio sources are required to characterize their structure ).
The kinematics of the H I 21-cm absorbers are expected to shed light on their spatial distribution. We do not find any significant correlation (<1.5σ) between the kinematical parameters of the H I 21-cm absorbers and the various geometrical parameters explored in the previous sections. However, we note that we are limited by the small number of detections to infer any general trends. In addition, information about the velocity field of the galaxies is required to interpret the kinematics of the H I 21-cm absorbers.
DISCUSSION
In Section 5, we have studied the radial and azimuthal profiles of H I 21-cm absorption around low-z galaxies. We have quantified the covering factor of H I 21-cm absorbers as a function of various geometrical parameters. We have found that the covering factor of H I 21-cm absorbers decreases with increasing impact parameter/radial distance. Further, the distribution of galaxy orientation hints that most of the H I 21-cm absorbers could be co-planar with the H I disks. Additionally, we have found that the distribution of H I 21-cm absorbers is more sensitive to geometrical parameters than physical parameters related to the star formation in galaxies.
The next step would be to relate the distribution of H I 21-cm absorbers with the distribution of cold H I gas around low-z galaxies. However, that is not very straightforward since the H I 21-cm optical depth depends on N (H I), Ts and C f . It is difficult to quantify C f since sub-arcsecond resolution images of all the radio sources are not available. We find C21 = 0.18 +0.09 −0.06 towards radio sources that are compact at arcsecond-scale resolution in the Combined sample, as compared to C21 = 0.10 +0.13 −0.06 towards those that are resolved. Note that Gupta et al. (2012) have found that the H I 21-cm detection rate is higher towards the quasars with flat or inverted spectral index at cm wavelengths and towards the quasars with linear sizes less than 100 pc (see their figure 6 ).
For the purpose of the discussion here if we consider C f ∼1, the non-detection of H I 21-cm absorption could mean either that there is lack of H I gas along the sightline or that most of the H I gas along the sightline is warm. Independent information about H I gas along the sightline, for example from absorption from Lyman − α or metals in the optical/UV spectra or from H I 21-cm emission, can lift this degeneracy. Stacking the spectra of all the H I 21-cm nondetections can help to detect weak absorption that is not detected due to noise in individual spectra. However, we do not detect any H I 21-cm absorption in the stacked spectrum and estimate τ dv 3σ 10 0.009 km s −1 . Hence, we can place constraint on the average N (H I) along these sightlines as 18.2 (19.2) for Ts = 100 (1000) K and C f = 1.
From the results presented in Section 5, it appears that majority of the H I 21-cm non-detections could be due to the radio sightline not intersecting the H I disk of the galaxy. In ∼77% of the non-detections, the sightline passes outside twice the expected radius containing 50% of the H I mass of the galaxy or away from the major axis (φ 30°) of the galaxy. In rest of the H I 21-cm nondetections where the sightline is likely to pass through the H I disk, the non-detections could be due to the H I gas along the sightline being warm or small filling factor of cold gas. Radio interferometric H I 21-cm emission maps are available for only three of the galaxies with H I 21-cm non-detections. One of them has been discussed in Section 4.2, where the radio sightline passes through the outer regions of the H I disc. In the other two cases, the radio sightline does not pass through the H I disc (Greisen et al. 2009 ) or H I 21-cm emission is not detected from the galaxy (Carilli & van Gorkom 1992) , respectively.
Next, we discuss about metal absorption towards the quasars in our sample in Section 6.1, and compare our results with H I 21-cm absorption searches from low-z DLAs in Section 6.2. Finally, we discuss the implications of our results on the redshift evolution of H I 21-cm absorbers in Section 6.3.
Metal absorption
Ca II and Na I absorption are believed to arise from neutral gas near star-forming regions. Measurements of Ca II and Na I rest equivalent widths from the SDSS spectra of the background quasars are possible for 43 of the QGPs in the Combined sample. Ca II measurement is available for three other QGPs from Womble (1993) . Ca II and Na I measurements from Keck High Resolution Echelle Spectrometer (HIRES) spectrum are available towards the QGP J0041−0043 (Dutta et al. 2016) . Out of the 16 sightlines towards which H I 21-cm absorption have been detected, metal line absorption information is available for 11 cases. Absorption from either Ca II or Na I or both is detected in 9 of these systems. However, in two cases of H I 21-cm absorption detection (Borthakur et al. 2010 (Borthakur et al. , 2014 , no metal lines are detected in the SDSS spectra (3σ upper limits on Wr(Ca II) 1.1Å and 0.27Å, and Wr(Na I) 0.35Å and 0.17Å, respectively).
We do not find any correlation of τ dv with Wr(Ca II) and Wr(Na I). Furthermore, there does not appear to be a minimum Wr(Ca II) or Wr(Na I) beyond which H I 21-cm absorption is detected with high probability and vice versa. However, higher resolution optical spectra towards the background quasars are required to study in detail the connection between Ca II and/or Na I absorption and H I 21-cm absorption. In most cases of H I 21-cm non-detections, Na I or Ca II absorption lines are not detected in the SDSS spectra. Stacking of the SDSS spectra without metals lines detected at the redshift of the galaxies gives 3σ upper limit on Wr(Ca II) 0.094Å and Wr(Na I) 0.046Å. Assuming linear part of the curve of growth and correlation between N (H I) and N (Na I) as in the Milky Way (Wakker & Mathis 2000) , gives log N (H I) 19.5. However, note that unlike in the Milky Way, no correlation is found between N (Ca II) and N (H I) in DLAs/sub-DLAs over the range of log N (H I) = 19.5−21.5 (Rahmani et al. 2016) .
It is interesting to note that in eight cases H I 21-cm absorption is not detected despite Ca II or Na I absorption being present along the quasar sightline. Note that these eight QGPs have a range of b (∼10−30 kpc) as well as galaxy orientation (∼30°−80°). In these cases at least one knows that H I gas is present along the sightline. One such case has been discussed in Section 4.3, where Ca II absorption has been detected but no H I 21-cm or Na I absorption. Another such example is J0041−0143, where Ca II and Na I absorption have been detected towards the core but not H I 21-cm absorption (Dutta et al. 2016) . Interestingly, H I 21-cm absorption is detected towards one of the lobes (∼4 kpc away from the core) of this radio source, implying a patchy distribution of cold gas in the H I disc. Comparison of the N (H I) estimated from the metal column densities assuming optically thin gas and correlations seen in the Milky Way (Wakker & Mathis 2000) , with the H I 21-cm optical depth measurements, indicates that the H I gas along these sightlines is likely to be warmer than 100 K.
The ratio of column density of Na I to Ca II can be used to probe the physical conditions in the gas. High values ( 1) of N (Na I)/N (Ca II) are expected in the cold dense (T 100 K, nH 100 cm −3 ) ISM where Ca is usually heavily depleted onto dust grains, whereas low values ( 1) are expected in the warmer diffuse gas (T 1000 K, nH 10 cm −3 ), where most of Ca is still in the gas phase (Welty et al. 1996) . The ratio of Wr(Na I)/Wr(Ca II) is 1 (N (Na I)/N (Ca II) <1 under the optically thin approximation) in most (∼90%) cases of H I 21-cm absorption, indicating that these sightlines are not likely to be passing through the dusty star-forming disks. Only in one case of H I 21-cm detection, it has been demonstrated that the sightline is probing the translucent (defined as a region with 1 AV 10; van Dishoeck & Black 1989; Snow & McCall 2006) of the foreground galaxy ). The quasar shows strong reddening along with absorption from Na I and diffuse interstellar band in this case. The poor SNR of the SDSS spectrum near the wavelength of the Ca II absorption prevents measurement of Wr(Ca II) (3σ upper limit on Wr(Ca II) 2.3Å). Out of the eight H I 21-cm absorbers for which Wr(Ca II) is measured, only two have Wr(Ca II) 0.7Å and can be classified as strong absorbers, while the rest can be classified as weak absorbers, according to Wild et al. (2006) ; Sardane et al. (2015) . Based on abundance patterns and dust extinction, the former is shown to have properties intermediate between halo-and disc-type gas, while the latter is shown to have properties consistent with halo-type gas (Sardane et al. 2015) . This is again consistent with the fact that even at low impact parameters, most of the sightlines studied here do not pass through the stellar disk of galaxies where there is ongoing star formation.
H I 21-cm absorption from low-z DLAs
The QGPs discussed in this work have been selected based on the presence of a foreground galaxy at small angular separation from a background quasar, with no prior information about absorption along the quasar sightline, i.e. this sample of QGPs is absorption-blind. On the other hand, there have been numerous searches for H I 21-cm absorption in literature from samples selected on the basis of absorption lines (Mg II or Lyman − α) detected in the optical/UV spectra of the quasar (e.g. Briggs & Wolfe 1983; Kanekar & Chengalur 2003; Curran et al. 2005; Table 5 , we list 13 DLAs at z < 1 that have been searched for H I 21-cm absorption in literature and whose host galaxies have been identified subsequently. Note that in some cases the host galaxy identification is based on photometric redshift or proximity to the quasar sightline. From Table 4 of Kanekar et al. (2014) , we see that these systems have a range of Ts (median ∼ 800 K) and metallicities (median ∼ −0.8). Sufficient information is not available for all the DLA host galaxies in order to study the dependence of the H I 21-cm optical depth on orientation and other galaxy properties. H I 21-cm absorption has been detected in 10 of these DLAs.
In Fig. 11 , we show the distribution of H I 21-cm optical depth as a function of impact parameter for the QGPs studied in the Combined sample and the DLAs listed in Table 5 . It can be seen that the distribution and range of τ dv values for the DLAs are not different from those of the QGPs, and median b = 13 kpc and 15 kpc for the DLAs and the QGPs, respectively. We do not find any correlation between τ dv and b of the DLAs (r k = −0.05, P (r k ) = 0.85, S(r k ) = 0.24σ). Unlike in the case of QGPs, the covering factor of H I 21-cm absorbers in case of DLAs remains more or less constant (∼0.6) with b. The overall covering factor in DLAs (C DLA 21 = 0.62
−0.21 ) is higher by a factor of ∼4 (at 2σ significance) compared to that in the QGPs (C21 = 0.16
−0.05 ). We note that the detection rate of H I 21-cm absorption in low-z DLAs is comparable to that of molecular H2 absorption in low-z DLAs/subDLAs (∼50%; Muzahid et al. 2015) . Further, it has been found that the covering fraction of Mg II absorbers around low-z galaxies drops from unity to 0.5 when going from absorption-selected samples to galaxy-selected samples (e.g. Bergeron & Boissé 1991; Steidel 1995; Bechtold & Ellingson 1992; Tripp & Bowen 2005) . This is consistent with cold gas clouds in the extended disks/halos of galaxies having small sizes (parsec to sub-parsec scale) and being patchy in distribution. Indeed, variations in the H I 21-cm optical depth have been detected from parsec-scales Biggs et al. 2016 ) to kilo-parsec-scales (Dutta et al. 2016) , indicating varying covering fractions over different spatial scales. Further, the H I 21-cm optical depth is known to vary as a power law over AU-to pc-scales (Stanimirović et al. 2010; Roy et al. 2012; Dutta et al. 2014) .
With a simple approach we can try to reconcile the measured covering factors of H I 21-cm absorption in DLAs and QGPs. We can estimate the covering factor of DLAs (CDLA) around low-z galaxies using C21 = C DLA 21 × CDLA. We have seen that C DLA 21 is remaining constant (0.6) with b (for b 30 kpc), while C21 shows a declining trend with b (Fig. 11) . However, the errors on C21 being large, we assume for the sake of simplicity a constant C21 of ∼0.2 within b 30 kpc (see Fig. 8 ), and no luminosity dependence of C21. Hence, using these we obtain average CDLA ∼ 0.3 at b 30 kpc. Therefore, one can have a consistent picture where the covering factor of gas that can produce DLA absorption is ∼0.3 around galaxies for b 30 kpc. Roughly sixty percent of these clouds have cold gas that can produce detectable 21-cm absorption. However, we caution that most of the QGPs discussed in this work are at z 0.2 (Fig. 2) , while all except one of the low-z DLAs are at z 0.2 (Table 5) .
We can use the following relation between the geometrical cross-section of the absorbers and the absorber number density per unit redshift (dN/dz) to infer the spatial extent of absorbing gas around galaxies (see e.g. Schaye et al. 2007; Kacprzak et al. 2008) ,
where, Φ * is the number density of L * galaxies, α is the faint-end slope of the Schechter galaxy luminosity function, β is a parameter to scale the radius with luminosity (R/R * = (L/L * ) β ), Lmin is the minimum luminosity of galaxies contributing to absorption, C is the covering factor of the absorber, and R * is the absorber radius for an L * galaxy. The factor 1/2 is to account for the average projection of the physical cross-section area on the sky plane, assuming disc geometry (see Section 5.2). We adopt the Schechter function fit of Φ * = 1.49 ± 0.04 × 10 −2 h 3 Mpc −3 , M * − 5log10h = −20.44 ± 0.01, α = −1.05 ± 0.01, estimated by Blanton et al. (2003) for SDSS r-band data of galaxies at z = 0.1. We assume a luminosity scaling of radius with β = 0.4 as estimated from H I sizes of galaxies (see Section 5.1.2). We consider galaxies down to Lmin = 0.05L * , though we note that for the values of α and β considered here, the value of the incomplete gamma function in Eqn. 2 does not depend significantly on the choice of Lmin. Then for dN/dz of DLAs, nDLA = 0.045 ± 0.006, at z = 0 as obtained by Zwaan et al. (2005) , CDLA is unity for R * = 30 kpc. However, if CDLA were lower, then R * could be larger than 30 kpc. For example if CDLA = 0.3 as obtained above, then R * ∼ 60 kpc. There exists no measurement of the covering factor and extent of gas that can produce DLAs around low-z galaxies in literature. Though we note that host galaxies of z < 1 DLAs have been detected upto b ∼70 kpc with median b ∼ 17 kpc (Rao et al. 2011) . Richter et al. (2011) estimated the mean projected covering factor of z < 0.5 Ca II absorbers around galaxies as 0.33 and the characteristic radial extent of partly neutral gas clouds (HVCs) with log N (H I) 17.4 around L 0.05L * galaxies as ∼55 kpc. Note that they have not assumed any luminosity scaling of galaxy sizes, i.e. β = 0, and have considered a spherical distribution of the neutral gas clouds. Under these assumptions (i.e. β = 0 and not considering the factor 1/2 in Eqn. 2), we obtain R * ∼ 30 kpc for CDLA = 0.3 and R * ∼ 15 kpc for CDLA = 1. Kacprzak et al. (2008) estimated a covering factor of ∼0.5 and R * of ∼120 kpc for Mg II absorbers at z = 0.5 around L 0.05L * galaxies, for β = 0.2 and spherical halo. For comparison, we obtain R * ∼ 37 kpc for CDLA = 0.3 and R * ∼ 20 kpc for CDLA = 1, under the same assumptions. The larger covering factor and halo radius of the Mg II absorbers is expected since Mg II absorbers can trace partly ionized gas with lower N (H I) (sub-DLAs and Lyman limit systems) which extends further out from the galaxy.
Redshift evolution of H I 21-cm absorbers
We can use Eqn. 2 to estimate the dN/dz of H I 21-cm absorbers (n21) at low redshift. We assume that the distribution of H I 21-cm absorbers is planar, and C21 is constant (∼0.2) within R * with no luminosity dependence. We consider R * for H I 21-cm absorbers around low-z galaxies to be ∼30 kpc, where we have measured C21. Under these assumptions, we obtain the n21 at z = 0.1 as 0.008 +0.005 −0.004 . In Fig. 12 , we show our n21 estimate along with those made by Gupta et al. (2012) based on search for H I 21-cm absorption in Mg II absorbers and DLAs. We also show for comparison nDLA at z = 0 as estimated by Zwaan et al. (2005) , at z = 0.6 as estimated by Neeleman et al. (2016) , and its redshift evolution as estimated by Rao et al. (2006) , i.e. nDLA(z) = n0(1 + z) γ with n0 = 0.044 ± 0.005 and γ = 1.27 ± 0.11. Note that the n21 mea- surements at different redshifts, while obtained for an uniform sensitivity of τ0 = 0.3 km s −1 , are based on different kinds of systems, possibly having different N (H I) thresholds used in the target selection. For example, all the Mg II systems at z ∼ 1.3 used to derive n21 need not be DLAs and all the QGPs in our sample need not produce Mg II absorption with rest equivalent width greater than 1Å. Therefore, the correct mapping of n21(z) has to wait till the advent of large blind H I 21-cm absorption surveys using SKA pathfind-ers. Here we make some generic statements based on the measurements in hand. It is interesting to note that the n21 we infer from our QGP observations is lower than what has been found from the high-z Mg II absorbers and DLAs. We try to understand this by using Eqn. 2 and the measured redshift evolution of L * and Φ * of galaxies.
Firstly, the expected n21(z) for no intrinsic redshift evolution in all of the parameters in Eqn. 2 is shown in Fig. 12 (solid cyan curve). Next, from the measured redshift evolution of the galaxy luminosity function in the optical bands, it can be seen that L * evolves as ∼ (1 + z) 2.7 and Φ * evolves as ∼ (1 + z) −1 (Gabasch et al. 2004; Ilbert et al. 2005; Dahlen et al. 2007 ). The redshift evolution of L * comes into Eqn. 2 in two ways. First is through the dependence of R * on L * (R * ∼ L * 0.4 ), and second is through the incomplete gamma function. For the simplistic calculation here we neglect any redshift evolution in the value of the incomplete gamma function. If we assume that the scaling relation between galaxy luminosity and H I size, as well as C21, do not evolve with redshift, then it can be seen from Fig. 12 that n21 is expected to increase with redshift (short dashed blue curve). However, galaxies of all morphological types have been observed to have much smaller sizes at high redshifts, with the effective optical radius of disc galaxies decreasing as ∼ (1+z) −1 (Trujillo et al. 2007; Buitrago et al. 2008; van der Wel et al. 2014) . Assuming that R * of H I 21-cm absorbers follows the redshift evolution of the optical radius of disc galaxies and factoring in its decrease with redshift, we find that n21 is expected to decrease with redshift for constant C21 (Fig. 12 ; dotted-dashed purple curve). On the other hand, observations suggest that n21 is increasing with redshift, i.e. n21(z) = 0.007 (1 + z)
1.58 ( Fig. 12 ; long dashed red curve). Further, the covering factor of cold gas is expected to decrease with redshift, with C DLA 21 at z <1 being ∼0.6 compared to ∼0.2 at 2.0 z 3.5 ). This basically implies that if we take into account the evolution of size and luminosity of galaxies with redshift, the radius of the cold H I gas around a galaxy that gives rise to H I 21-cm absorption will be much higher at high-z than what is seen at low-z for a galaxy with same optical luminosity.
As noted above, the interpretation of the redshift evolution of H I 21-cm absorbers based on the present measurements is difficult due to the large errors and different selection techniques used at different redshifts. Accurate (upto ∼10%) and uniform determination of the redshift evolution of n21 and hence that of the cold gas fraction in galaxies at z 1.5 will be possible with the upcoming blind H I 21-cm absorption line surveys, e.g. the MeerKAT Absorption Line Survey, the Search for H I absorption with AperTIF, and the ASKAP First Large Absorption Survey in HI (see e.g. Allison et al. 2016 ). Preliminary results of blind H I 21-cm absorption searches from the ALFALFA survey (Darling et al. 2011; Wu et al. 2015) and ASKAP are already beginning to demonstrate the ability of future blind H I 21-cm absorption surveys.
SUMMARY
We have presented in this work the results from our survey of H I 21-cm absorption of a large sample (55) of low-z (z <0.4) galaxies at small impact parameters to background radio sources using the GMRT, WSRT and VLA. Our primary sample of 40 QGPs spans a range of impact parameters (5−34 kpc) and galaxy types (log M * ∼7.8−11.0 M⊙, log LB ∼8.5−10.6 L⊙, g−r ∼ 0.1−1.6). The H I 21-cm spectral line measurements from our survey have increased . Also shown for reference are n DLA at z = 0 estimated by Zwaan et al. (2005) (diamond) , n DLA at z = 0.6 estimated by Neeleman et al. (2016) (triangle) and its redshift evolution estimated by Rao et al. (2006) with errors (dotted black lines). The long dashed red line is a fit by eye to the n 21 estimates, n 21 (z) = n 0 (1 + z) γ with n 0 = 0.007 and γ = 1.58. The solid cyan curve represents no intrinsic evolution in the product of space density and cross-section of H I 21-cm absorbers, normalized at z = 0.1. The short dashed blue curve represents the redshift evolution of n 21 for the observed redshift evolution of L * and Φ * of galaxies (and no evolution in C 21 ). The dotted-dashed purple curve represents n 21 (z) accounting for the redshift evolution of sizes of galaxies in addition to that of L * and Φ * , and constant C 21 . the number of existing sensitive (i.e τ dv 3σ 10 ∼ 0.3 km s −1 ) H I 21-cm optical depth measurements at low-z by a factor ∼3. We have detected H I 21-cm absorption from seven QGPs in our primary sample, two of which are reported here for the first time. The H I 21-cm detections from our survey have increased the existing number of detections from z <0.4 QGPs by almost a factor of two. Combining our primary sample with measurements from the literature having similar optical depth sensitivity, we have quantified the H I 21-cm optical depth and covering factor of H I 21-cm absorbers as a function of spatial location around low-z galaxies. Below we list our main results.
• The H I 21-cm optical depth and impact parameter are weakly anti-correlated. Performing survival analysis by including the upper limits as censored data points, we obtain, r k = −0.20, P (r k ) = 0.01, S(r k ) = 2.42σ. Similar anti-correlation is also present between τ dv and the radial distance along the galaxy's major axis, as well the impact parameter and the radial distance scaled with the effective H I radius of the galaxies.
• We find that the covering factor of H I 21-cm absorbers is 0.24 • The H I 21-cm optical depth shows weak anti-correlation (r k = −0.17, P (r k ) = 0.07, S(r k ) = 1.79σ) with the azimuthal orientation of the radio sightline with respect to the galaxy's major axis. There is similar weak correlation between τ dv and sin(i)cos(φ), i.e. τ dv shows mild increase with increasing galaxy inclination and decreasing orientation. However, these could be driven by the stronger and more significant anti-correlation of τ dv with b, since these parameters are correlated with b in our sample.
• We find that C21 is 0.20 +0.14 −0.09 near the galaxy major axis (φ < 45°) and 0.04 +0.09 −0.03 near the minor axis (φ 45°), and this declining trend of C21 with increasing φ is also seen at b < 15 kpc. This tentative indication that most of the H I 21-cm absorbers could be co-planar with that of the H I disk is supported by the fact that the only two H I 21-cm detections at b 15 kpc in the Combined sample arise from face-on galaxies. Further, C21 is maximum (0.31 +0.24 −0.15 ) for sightlines that pass near the major axis of edge-on galaxies (i 58°). If this is true even for high-z galaxies, then it will have important implications for the detection rate of H I 21-cm absorption towards Mg II absorbers, which are found to be typically tracing the halo gas and not the extended H I disks. However, highz galaxies are not expected to have such well-formed H I disks, but to be more irregular. Hence, the dependence of H I 21-cm absorption on galaxy orientation needs to be probed over a larger redshift range.
• No significant dependence of τ dv and C21 on galaxy luminosity, stellar mass, colour and surface star formation rate density is found from the present data. However, our results suggest that the H I 21-cm absorbing gas cross-section may be larger for the brighter galaxies. A correlation between τ dv and C21 and properties associated with star formation in galaxies are expected from the models of ISM as discussed in Section 1. Hence, it appears that most of our sightlines are outside the stellar disks of galaxies and probably tracing the outer quiescent regions that are not affected by the ongoing star formation activities.
• No correlation is found between H I 21-cm optical depth and Wr(Ca II) or Wr(Na I). We also find that Wr(Ca II) and the ratio Wr(Na I)/Wr (Ca II) suggests that most of the H I 21-cm absorbers observed around low-z galaxies are not tracing the dusty star-forming disks.
• From the data available in the literature, we find that the covering factor of H I 21-cm absorption from host galaxies of z < 1 DLAs (0.62 +0.30 −0.21 %) is a factor of ∼4 times higher compared to that from the galaxy-selected QGPs. There is also no correlation between τ dv and b for DLAs. This result is analogous to the finding that the covering factor of Mg II gaseous halos around galaxies is close to 1 when one searches for galaxies around Mg II absorbers (see Bergeron & Boissé 1991; Steidel 1995) , and is lower when one searches for Mg II absorption along sightlines close to known galaxies (see Bechtold & Ellingson 1992; Tripp & Bowen 2005) . Broadly, we can conclude that the H I distribution around galaxies that can contribute to the DLA population is patchy (i.e with a covering factor of about 30%) and about 60% of the DLAs have cold gas that can produce detectable H I 21-cm absorption. Such a picture will be consistent with the observed covering factors of DLAs and H I 21-cm absorbers around galaxies and fraction of DLAs producing H I 21-cm absorption.
• We estimate n21 at z = 0.1 as 0.008
−0.004 from our QGP observations. This is lower than what has been found from the high-z Mg II absorbers and DLAs. This along with the observed redshift evolution of galaxy size and luminosity may suggest an evolution in the correlation between optical luminosity and the extent of the H I gas around galaxies with redshift. Table A1 . Continued from previous page.
APPENDIX B: LITERATURE SAMPLE
The details of the QGPs from literature that are considered in this work (as described in Section 2.2) are provided here. Column 1: Radio source name. Column 2: Redshift of radio source. Column 3: Type of radio source − quasar (Q), radio galaxy (G) or unknown (U). Column 4: Morphology of radio source at arcsecond-scale − compact (C) or resolved (R). Column 5: Galaxy name. Column 6: Galaxy redshift. Column 7: Rest-frame SDSS g − r colour of galaxy. Column 8: Log of stellar mass (M⊙) of galaxy from kcorrect (Blanton & Roweis 2007) . Column 9: Log of B-band luminosity (L⊙). Column 10: Projected separation or impact parameter (kpc) between radio sightline and centre of galaxy. Columns 11: Galaxy inclination. Column 12: Orientation of radio sightline with respect to galaxy's major axis. Column 13: 3σ upper limit on integrated H I 21-cm optical depth from spectra smoothed to 10 km s Table C1 . Details of the galaxy spectra obtained using SALT. Table D1 . Radio observation log of the sources observed by us. Srianand et al. (2015) . Note that the values in Columns 4, 5, 6 and 8 are at the spectral resolution specified in Column 3. Figure F1 . H I 21-cm absorption spectra towards the radio sources in our primary sample, smoothed to ∼4 km s −1 . The shaded regions are affected by RFI. Figure F1 . Continued from previous page. Figure F2 . Same as in Fig. F1 for the radio sources in the supplementary sample. Figure F3 . Same as in Fig. F1 for the radio sources in the miscellaneous sample.
